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SPECIFICATION 

Electronic Version 1.2.8 
Styleslieet Version 1 .0 

PHOSPHORS CONTAINING 
OXIDES OF ALKALINE-EARTH 
AND GROUP-IIIB METALS AND 
LIGHT SOURCES 
INCORPORATING THE SAME 

Federal Research Statement 

This invention was first conceived or reduced to practice in the performance of 
work under contract 70NANB8H4022 awarded by the United States National Institute 
of Standards and Technology. The United States of America may have certain rights to 
this invention. 

Background of Invention 

[0001] The present invention relates to phosphors containing oxides of alkaline-earth 
and Croup-IIIB metals activated with rare-earth ions. In particular, the present 
invention relates to phosphors containing oxides of alkaline-earth and Group-IIIB 
metals activated with at least europium ions wherein the ratio of positive ions and 
negative ions is off-stoichiometric. The present invention also relates to light sources 
incorporating such phosphors. 

[0002] 

A phosphor is a luminescent material that absorbs radiation energy in a portion of 
the electromagnetic spectrum and emits energy in another portion of the 
electromagnetic spectrum. Phosphors of one important class are crystalline inorganic 
compounds of very high chemical purity and of controlled composition to which small 
quantities of other elements (called "activators") have been added to convert them into 
efficient fluorescent materials. With the right combination of activators and inorganic 
compounds, the color of the emission can be controlled. Most useful and well-known 
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phosphors emit radiation in the visible portion of the electromagnetic spectrum in 
response to excitation by electromagnetic radiation outside the visible range. Well- 
known phosphors have been used in mercury vapor discharge lamps to convert the 
ultraviolet ("UV") radiation emitted by the excited mercury vapor to visible light. Other 
phosphors are capable of emitting visible light upon being excited by electrons (used 
in cathode ray tubes) or x rays (for example, scintillators in x-ray detection systems). 

[0003] The efficiency of a lighting device that uses a phosphor increases as the difference 
between the wavelength of the exciting radiation and that of the emitted radiation 
narrows. Therefore, in the quest for improving efficiency of white light sources, effort 
has been dedicated to finding a source of stimulating radiation that has wavelengths 
in the range of near-UV to blue visible light and phosphors that respond to those 
wavelengths. The term "near-UV" means UV radiation having wavelengths in the range 
from about 31 5 nm to about 400 nm. Recent advances in light-emitting diode ("LED") 
technology have brought efficient LEDs emitting in the near-UV-to-blue range. These 
LEDs emitting radiation in the near UV-to-blue range will be hereinafter called 
"UV/blue LEDs." As used herein, a UV/blue LED may emit radiation having wavelengths 
in the near UV range, in the blue light range, or in a broad range from near UV to blue. 
It would be an advance to the technology of lighting to provide a range of phosphors 
that can be stimulated by the radiation emitted from these UV/blue LEDs radiation 
sources to allow for a flexibility in the use of phosphors for generating various color 
LEDs. Such phosphors when combined with the emission from the UV/blue LEDs can 
provide efficient and long lasting lighting devices that consume little power. 

[0004] Many near UV/blue LEDs based on combinations of nitrides of indium, aluminum, 
and gallium have recently appeared. For example, U.S. Patent 5,777,350 disclosed 
LEDs comprising multiple layers of indium and gallium nitrides and p- and n-type 
AIGaN, which emit in the wavelength range of about 380 nm to about 420 nm. The 
active layer of such a LED may be doped with other materials to shift the LED peak 
emission within the UV-to-blue wavelength range. A LED having a peak emission in 
the blue light wavelengths was combined with a coating of a yellow light-emitting 
yittrium aluminum garnet phosphor activated with cerium ("YAC;Ce") to produce white 
light is disclosed in U.S. Patent 5,998,925. Although a substantial portion of the need 
for white light devices may be filled by LED-based devices, the ability to combine a 
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UV/blue LED with a phosphor has been limited because YAC:Ce has been the only 
known yellow light-emitting phosphor that is excitable by radiation in the blue range. 

[0005] White light can also be generated by mixing blue, green, and red light. Therefore, 
it is desirable to provide novel efficient phosphors that are excitable in the near UV- 
to-blue range and emit in these colors. It is especially desirable to provide efficient 
green-emitting phosphors because well-known green-emitting phosphors are largely 
excitable in the mid-UV wavelength range (about 200-300 nm). It is also desirable to 
provide novel phosphor blends that can be combined with UV/blue LEDs to produce 
white light of high efficiency and/or high color rendering index ("CRI"). 

Summary of Invention 

[0006] The present invention provides phosphors containing oxides of alkaline-earth and 
Croup-IIIB metals activated with rare-earth ions activated with rare-earth metal ions 
that are excitable by radiation having wavelengths in the near UV-to-blue range (from 
about 31 5 nm to about 480 nm) to emit efficiently in the range of green-to-yellow 
visible light from about 480 nm to about 600 nm. In general, the phosphors of the 
present invention are oxides of alkaline-earth and Croup-IIIB metals doped with at 
least europium ions that act as an activator. One or more other rare-earth metal ions 
can be included as a co-activator, which other rare-earth metal ions are selected from 
the group consisting of ions of cerium, praseodymium, neodymium, samarium, 
gadolinium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium. The 
phosphor of the present invention has a general formula of 

[0007] (M RE ) D O : 
1-x x y 2 4 

[0008] wherein M is an alkaline-earth metal selected from the group consisting of Sr, Ba, 
Ca, and combinations thereof: RE is a rare-earth metal comprising at least europium; 
D is at least a metal of Croup NIB of the Periodic Table selected from the group 
consisting of aluminum, gallium, indium, and combinations thereof; 0.001 < x < 0.3, 
and y satisfies a condition selected from the group consisting of 0.75 < y < 1 and 1 < 
y < 1.1. 

[0009] In one aspect of the present invention, the phosphor can further comprise 
magnesium. 
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[001 0] In another aspect of the present invention, a method for producing a phosphor 
comprising oxides of at least an alkaline-earth metal and at least a Group-IIIB metal 
activated with at least europium, which method comprises the step of: (a) providing 
amounts of compounds of: at least a rare-earth metal comprising at least europium; 
at least an alkaline-earth metal selected from the group consisting of strontium, 
barium, calcium, and combinations thereof; and at least a Croup-IIIB metal selected 
from the group consisting of aluminum, gallium, indium, and combinations thereof; 
the amounts being chosen such that the final composition of the phosphor is 
achieved; (b) optionally adding at least one fluxing compound selected from the group 
consisting of halides of at least a metal selected from the group consisting of 
strontium, barium, calcium, aluminum, gallium, indium, and rare-earth metals; (c) 
mixing together the compounds; and (d) firing the mixture in a reducing atmosphere 
at a temperature and for a time sufficient to convert the mixture to a phosphor 
comprising oxides of at least an alkaline-earth metal and at least a Group-IIIB metal 
activated with at least europium. 

[001 1] In still another aspect of the present invention, the method further comprises the 
step of converting the compounds of the mixture into oxygen-containing compounds 
before firing in the reducing atmosphere. 

[001 2] In still another aspect of the present invention, a light source emitting visible light 
comprises a UV/blue LED and at least said phosphor comprising oxides of at least an 
alkaline-earth metal and at least a Croup-IIIB metal activated with at least europium. 

[001 3] Other features and advantages of the present invention will be apparent from a 
perusal of the following detailed description of the invention and the accompanying 
drawings in which the same numerals refer to like elements. 

Brief Description of Drawings 

[0014] Figure 1 shows excitation and emission spectra of the phosphor Sr ^ ^ Eu ^ ^ Al ^ 

O . 
4 

[001 5] Figure 2 show the absorption spectrum of a phosphor blend consisting of Sr 

0.8 

Eu ^ Al O . Ca ^ (PO ) , CI:Mn ^"^ ,Eu ^"^ . and (Sr.Ba.Ca) , (PO ) , (CI,OH):Eu 
2^.0.1 24543 543 
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[001 6] Figure 3 shows the emission spectrum of the phosphor blend of Figure 2. 

[001 7] Figure 4 shows an embodiment of a light source comprising a LED and at least a 
phosphor of the present invention. 

Detailed Description 

[001 8] The present invention provides phosphors that are efficiently excitable by 

radiation having wavelengths in the near UV-to-blue range (from about 315 nm to 
about 480 nm) and emit efficiently in the green-to-yellow visible light from about 480 
nm to about 600 nm. The terms "electromagnetic radiation," "radiation," and "light" 
are used interchangeably herein to mean electromagnetic radiation having a 
wavelength in the range from UV to deep red (from about 100 nm to about 800 nm). 
In particular, a phosphor of the present invention has a peak emission in the range of 
maximum sensitivity of the human eye. In this disclosure, a metal exists in a 
combined form with a counter-ion rather than as a zero-valent metal. A phosphor of 
the present invention comprises oxides of at least an alkaline-earth metals and at 
least a Group-IIIB metal doped with at least a rare-earth metal ion comprising at least 
europium. The phosphor has a general formula of 

[0019] (M^ RE ) D^O • 
1-x x y 2 4 

[0020] wherein M is an alkaline-earth metal selected from the group consisting of Sr, Ba, 
Ca, and combinations thereof; RE is a rare-earth metal comprising at least europium; 
D is at least a metal of Group NIB of the Periodic Table selected from the group 
consisting of aluminum, gallium, indium, and combinations thereof; 0.001 < x < 0.3, 
and y satisfies a condition selected from the group consisting of 0.75 < y < 1 and 1 < 
y < 1.1. 

[0021] In one preferred embodiment, the phosphor has a formula of (Sr Eu ) Al 

1-x x y 2 

O ^ ; wherein 0.001 < x < 0.3, and y satisfies a condition selected from the group 
consisting of 0.75 < y < 1 and 1 < y < 1 .1 . 

[0022] 

In another embodiment of the present invention, the phosphor is further co- 
activated with another rare-earth metal ion selected from the group consisting of ions 
of cerium, praseodymium, neodymium, samarium, gadolinium, dysprosium, holmium, 
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[0026] 



O O 



erbium, thulium, ytterbium, and lutetium. Such other rare-earth metal ions can 
comprise from about 0.001 to about 30 atom percent, preferably from about 0.001 to 
about 20 atom percent, more preferably from about 0.001 to bout 1 0 atom percent of 
the total alkaline-earth metals and rare-earth metals. A preferred co-activator is 
dysprosium. 

[0023] In another aspect of the present invention, the phosphor can further comprise 

magnesium in an amount from about 0.001 to about 20 atom percent of the alkaline- 
earth metal. 

[0024] A phosphor of the present invention comprising oxides of at least an alkaline- 
earth metal and at least a Group-IIIB metal activated with at least europium can be 
made by a solid-state reaction. The method comprises the steps of: (a) providing 
amounts of oxygen-containing compounds of: (1) at least a rare-earth metal 
comprising at least europium; (2) at least an alkaline-earth metal selected from the 
group consisting of strontium, barium, calcium, and combinations thereof; and (3) at 
least a Group-IIIB metal selected from the group consisting of aluminum, gallium, 
indium, and combinations thereof; said amounts being chosen such that the desired 
composition of the final phosphor is achieved; (b) mixing together said oxygen- 
containing compounds to form a mixture; and (c) firing the mixture in a reducing 
atmosphere at a temperature and for a time sufficient to convert the mixture to a 
phosphor comprising oxides of at least an alkaline-earth metal and at least a Group- 
IIIB metal activated with at least europium. 

[0025] In a preferred embodiment, the method further comprises adding, as a flux, a 
halide of at least a metal selected from the group consisting of strontium, barium, 
calcium, aluminum, gallium, indium, europium, and combinations thereof to the 
oxygen-containing compounds before mixing the compounds together. The halide 
may be added in an amount up to about 20, preferably up to about 10, and more 
preferably up to about 5 weight percent of the total weight of the mixture. The 
preferred halide is fluoride. 



In another aspect of the invention, the method further comprises adding at least 
an oxygen-containing compound of at least an additional rare-earth metal to the. 
mixture of oxygen-containing compounds before mixing. The at least an additional 
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rare-earth metal acts as a co-activator in the phosphor and is selected from the group 
consisting of cerium, praseodymium, neodymium, samarium, gadolinium, 
dysprosium, holmium, erbium, thulium, ytterbium, and lutetium. 



be those that decompose to oxides, such as carbonates, nitrates, nitrides, sulfates, 

sulfites, chlorates, perchlorates, oxyhalides, acetates, citrates, salt of organic acids, 

and combinations thereof. The oxygen-containing compounds are preferably chosen 

0 

such that they decompose at a temperature in the range from about 400 C to about 
0 

900 C. The decomposition is typically carried out in air or in a mixture of air and an 
inert gas, such as nitrogen, helium, argon, neon, krypton, xenon, and mixtures 

thereof before the step of firing in a reducing atmosphere. 

[0029] The compounds may be mixed together by any mechanical method including, but 
not limited to, stirring or blending In a high-speed blender or a ribbon blender. The 
oxygen-containing compounds may be combined and pulverized together In a bowl 
mill, a hammer mill, or a jet mill. The mixing may be carried out by wet milling, 
especially when the mixture of the oxygen-containing compounds Is to be made into 
a solution for subsequent precipitation. A solvent for wet milling may be an alcohol, 
such as methanol, ethanol, or propanol. If the mixture is wet, it may be dried first 
before the step of firing. 

[0030] ji^g mixture of the oxygen-containing compounds or the oxide products of the 

0 0 
decomposition is fired at a temperature from about 900 C to about 1 300 C, 

0 0 

preferably from about 1 000 C to about 1 200 C, for a time sufficient to convert the 
mixture to the final phosphor. The firing may be conducted in a batchwise or 

continuous process, preferably with a stirring or mixing action to promote good gas- 
solid contact. The firing time depends on the quantity of the mixture to be fired, the 
rate of gas conducted through the firing equipment, and the quality of the gas-solid 
contact in the firing equipment. Typically, a firing time from about 1 minute to about 
10 hours is adequate. The reducing atmosphere typically comprises a reducing gas 
such as hydrogen, carbon monoxide, or a combination thereof, optionally diluted with 
an inert gas, such as nitrogen, helium, neon, argon, krypton, xenon, or a combination 



[0027] 



In a preferred embodiment, the oxygen-containing compounds are oxides. 



[0028] 



In another aspect of the present invention, the oxygen-containing compounds can 
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thereof. A suitable reducing atmosphere comprises about 1-3 volume percent 
hydrogen in nitrogen. Alternatively, a crucible containing the mixture may be packed 
in a second closed crucible containing high-purity carbon particles and fired in a 
limited amount of air so that the carbon particles react with the oxygen present in the 
air, thereby generating carbon monoxide that is needed to provide the reducing 
atmosphere. The firing may be carried out at a substantially constant temperature or 
the temperature may be ramped up from room temperature and then held at the final 
firing temperature for the duration of the firing. Alternatively, the firing may be done 
in stages at two or more temperatures, each stage may be carried out in a different 
reducing atmosphere. 

[0031] Figure 1 shows excitation and emission spectra of the phosphor Sr Eu Al 

^ 0.8 0.1 2 

O ^ , produced by the solid-state reaction, as described about. In the production of 

this sample, aluminum fluoride was used as a flux in an amount of about 2 weight 

0 

percent of the total weight of the mixture. The mixture was fired at about 1 100 C In 
a first crucible that was disposed in a second crucible packed with carbon particles, 

under an atmosphere comprising 1 volume percent hydrogen in nitrogen. Note that 

the phosphor is excited efficiently in the wavelength range from about 350 nm to 

about 430 nm. The phosphor has a relative quantum efficiency of about 65-70% of a 

Sr ^ Al ^ O :Eu phosphor ("SAE"), an absorption at 405 nm of about 8096, and 
CIE^coor^inates of x = 0.276 and y = 0.571. 

[0032] Alternatively, the phosphor may be produced in a wet method. One or more 

compounds of at least a rare-earth metal comprising europium; at least an alkaline- 
earth metal selected from the group consisting of strontium, barium, calcium, and 
combinations thereof; and at least a Croup-IIIB metal selected from the group 
consisting of aluminum, gallium, indium, and combinations thereof may be other than 
oxides that are soluble in an aqueous solution, such as nitrates, sulfates, acetates, 
citrates, chlorates, perchlorates, oxyhalides, or organic compounds. Non-limiting 
examples of these organic compounds are the metal salts of mono- and di-carboxylic 
acids containing 1 to 6 carbon atoms, esters of di-carboxylic acids containing 1 to 6 
carbon atoms, metal salts of aromatic acids having 1 or 2 aromatic rings, metal 
acetylacetonates, metal alkoxides containing 1 to 6 carbon atoms, and metal 
phenoxides. For example, compounds of at least a rare-earth metal comprising 
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europium; at least an alkaline-earth metal selected from the group consisting of 
strontium, barium, calcium, and combinations thereof; and at least a Group-IIIB metal 
selected from the group consisting of aluminum, gallium, indium, and combinations 
thereof are blended and dissolved in an acid, such as nitric acid solution. In one 
embodiment of the present invention, at least one of the compounds, preferably a 
Group-IIIB compound is a halide, preferably fluoride. The strength of the acid solution 
is chosen to rapidly dissolve the compounds and the choice is within the skill of a 
person skilled in the art. Ammonium hydroxide is then added in increments to the 
acidic solution containing these metals while stirring to precipitate a mixture of 
hydroxides containing the chosen elements until the precipitation is complete. 
Typically, this step is complete when the pH of the mixture of the solutions rises 
above 8. Other ammonium compounds, such as ammonium carbonate or ammonium 
oxalate, can also be used for the precipitation of compounds of the chosen elements. 
An organic base; such as methanolamine, ethanolamine, propanolamine, 
dimethanolamine, diethanolamine, dipropanolamine, trimethanolamine, 
triethanolamine, or tripropanolamine; may be used in place of ammonium hydroxide. 
The precipitate is filtered, washed, and optionally dried in air. The precipitate may be 

optionally heated in air or in a mixture of air and an Inert gas at between about 400 ^ 
0 

C and about 900 C for a sufficient time to ensure a substantially complete 
dehydration of the material and decomposition of any organic materials used. It may 

be desired to mill or pulverize the dried precipitate before such heating. After 

decomposition, the mixture comprises substantially oxides of at least europium, at 

least an alkaline-earth metal, and at least a Group-IIIB metal. The dried precipitate or 

the decomposed precipitate is then fired in a reducing atmosphere as is disclosed 

above. 

[0033] 

A phosphor of the present invention may be blended with other phosphors to be 
used in a light source that has high luminosity and CRI. Table 1 compares the results 

of the simulation of a blend comprising the phosphor Sr Eu A! O of the 

^ ^ ^ 0.8 0.1 2 4 

present invention and blends comprising phosphors of the prior art. In Table 1 , 

"HALO." "SAE," "SECA," and "BAMn" denote the phosphors Ca (PO ) CI:Mn ,Eu 

2+ 2-^ ^ 

(emitting in the yellow-red region). Sr Al O :Eu (emitting in the blue- 

4 25 

green region), (Sr,Ba,Ca) ^ (PO ) ^ (CI,OH):Eu (emitting in the blue region), and 
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2+ 2+ . 
(Ba,Ca,Sr)Mg Al O :Eu ,Mn (emitting in the green region, respectively. 

[til ' " 



Table I 



Blend 


Luminosity 


CRI 


Red 


Green 


Blue 




(Im/Weiectricai) 




<%) 


(%) 


(%) 


HALO/SAE 


296 


75 


15.1 


6.92 


2.95 


HALO/SECA/BAMn 


306 


93 


15.7 


6.54 


7.97 


HALO/SECA/Sro.8Euo.iAl204 


318 


87 


14.1 


9.25 


7.8 



[0034] Simulation of the spectral power distribution of another blend of the Sr Eu 

0.8 0.1 

Al ^ O ^ of the present invention and HALO and SECA phosphors showed a quantum 

efficiency of about 90% of the HALO phosphor, an absorption at 405 nm of about 77%, 

a luminosity of about 340 Im/W , a CRI of 82, a correlated color temperature 

electrical 

of about 4000 K, and CIE coordinates of x = 0.387 and y = 0.395, which put this light 
source nearly on the black body locus. The absorption and emission spectra of this 
blend are shown in Figures 2 and 3. The spectral power distribution of such a 
phosphor blend can provide illumination similar to fluorescent lamps. 

[0035] LED-based white light-emitting device 

[0036] 

Incorporation of a phosphor blend that comprises a phosphor of the present 
invention and other selected phosphors that emit in the blue, yellow, and red regions 
in a device comprising a LED emitting near UV-to-blue light in the range of about 350 
nm to about 450 nm should provide a white light source that uses electrical power 
efficiently. Such a blend can be that which is described immediately above. Non- 
limiting examples of blue light-emitting phosphors (peak emission in the range from 

about 400 nm to about 480 nm) are (Ba,Sr,Ca) (PO ) (CI,F,OH):Eu and 

2-f 5 4 3 

(Ba,Sr,Ca)MgAI ^ O ^ ^ :Eu . Non-limiting examples of blue-green light-emitting 

phosphors (peal<^emlsslon in the range from about 480 nm to about 500 nm) are Sr 

4 

Al O :Eu ^"^ ("SAE"). 2SrO o 0.84P O 0O.I6B O :Eu ^"^ , MgWO , BaTiP 
14 25 3^ 5 2^ 2 3 4 

O , and Ca (PO ) (CI,F,OH):Sb ,Mn . Non-limiting examples of green 



emitting phosphors (peak emission in the range from about 500 nm to about 



550 nm) are LaPO ^ :Ce ,Tb ^"^ ("LAP"), CelVlgAI ^ ^ O :Tb ^"^ , and CdMgB ^ O 
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3-h 



:Ce ,Tb ("CBT"). Non-limiting examples of yellow-orange light-emitting 
phosphors (peak emission in the range from about 550 nm to about 630 nm) are Y ^ 

Al ^ O :Ce ^"^ ("YACiCe") and (Ba,Sr,Ca) ^ (P04) (CI.F,OH):Eu ,Mn ,Sb ^'^ . 
Non-limiting examples of red light-emitting phospnors (peak emission in the range 

3+ 2 + 

from about 61 0 nm to about 700 nm) are Y O :Eu , (Sr,Mg) (PO ) :Sn 

3+ ^ ^ 4+ 3 4 2 

YBO ^ :Eu , and 3.5MgO o 0.5MgF ^ o GeO ^ :Mn 

[0037] The white light source may be fabricated to provide a point source device by using 
one UV/blue LED or a large-area lighting device by using a plurality of UV/blue LEDs. 

2 

The term "large-area" means greater than about 1 0 cm 

[0038] In one embodiment of the present invention as shown in Figure 4, a white light 
source 10 comprises a LED 100 emitting near UV-to-blue light in the range of about 
350 nm to about 450 nm and a phosphor blend comprising a phosphor of the present 
invention. The LED 1 00 is mounted in a cup 1 20 having a reflective surface 1 40 
adjacent LED 100. UV/blue LEDs suitable for white light-emitting devices are InCaN 
semiconductor-based LEDs such as those of U.S. Patent 5,777,350 mentioned above, 
which is incorporated herein by reference. Other UV/blue LEDs also may be used, such 
as LEDs based on CaN semiconductor doped with various metals to provide a large 
band gap. Electrical leads 1 50 and 1 52 are provided to supply electrical power to the 
LED 1 00, A transparent casting 1 60 comprising an epoxy, a silicone, or glass 1 80 in 
which there are dispersed substantially uniformly particles 200 of the phosphor blend 
of the present invention. Alternatively, the phosphor particles may be applied on the 
LED 100 or dispersed in only a portion of the transparent casting 1 60. Other 
transparent polymers, such as polycarbonates, also may be used to form the 
transparent casting. In addition, particles of a light scattering material, such as TiO ^ 
or Al ^ O ^ , may be included in the transparent casting among the phosphor particles 
to improve the uniformity of the light emitted from the light source 1 0. The 
composition of the InCaN active layer of the LED and the quantity of the phosphor 
applied in the casting may be chosen such that a portion of the blue light emitted by 
the LED that is not absorbed by the phosphor and the broad-spectrum light emitted 
by the phosphor blend are combined to provide the white light source 10 of a desired 
color temperature and CRI. A white-light source such as one disclosed herein is 
suitable for back lighting or general illumination purposes. 
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[0039] 



A large-area white light source for general illumination may be produced by 



disposing a plurality of blue LEDs on a reflective panel, providing appropriate 
electrical leads to the individual LEDs, applying a coating comprising a phosphor 
blend of the present invention and a polymeric binder, such as an epoxy, and then 
sealing the whole combined structure in a transparent and hermetic seal. The 
phosphor blend/polymer coating may be applied directly on the individual LEDs or it 
may be applied over the entire panel surface. In the former case, an additional 
polymer coating may be applied over the entire panel surface after the phosphor 
blend has been applied on the LEDs. In addition, particles of a light-scattering solid, 
such as TiO 2 ^'^ ^' 2 ^ 3 ' provided in the polymer matrix to enhance the 

uniformity of the light emission from the device. 

[0040] While various embodiments are described herein, it will be appreciated from the 
specification that various combinations of elements, variations, equivalents, or 
improvements therein may be made by those skilled in the art, and are still within the 
scope of the invention as defined in the appended claims. 
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